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Pineal melatonin rhythms and the timing of puberty in mammals 
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Summary. The direction of change in daylength provides the seasonal time cue for the timing of puberty in many 
mammalian species. The pattern of melatonin secretion from the pineal gland transduces the environmental light- 
dark cycle into a signal influencing the neuroendocrine control of sexual maturation. The change in duration of 
nocturnal melatonin secretion is probably the key feature of the melatonin signal which conveys daylength informa- 
tion. This information may also be used by neuroendocrine axes controlling seasonal changes in pelage colour, growth 
and metabolism. The mechanism of action of melatonin on neuroendocrine pathways is unknown. Although the 
ability to synthesize and secrete melatonin in a pattern that reflects the duration of the night may not occur until the 
postnatal period, the rodent and ovine foetus has the ability to respond in utero to photoperiodic cues to which its 
mother is exposed in late gestation. Transplacental passage of maternal melatonin is likely to be the mechanism by 
which photoperiodic cues reach the foetus. Species which do not exhibit seasonal patterns of puberty, such as the 
human, also secrete melatonin in a pattern which reflects the environmental light-dark cycle, but they do not respond 
reproductively to the seasonal melatonin information. 
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Multiple factors time puberty 

This review will focus on recent developments in under- 
standing the role of photoperiod, and in particular, that 
of the pineal gland, in timing puberty in mammals. Pu- 
berty has variously been defined as the gradual process of 
sexual maturation, or as a discrete event, the first time at 
which an animal is capable of conception; in this review, 
puberty will be loosely considered as the attainment of 
adult reproductive function. Clearly, many factors other 
than photoperiod influence the timing of puberty, and 
the role of these other factors in interpreting experiments 
designed to reveal photoperiodic influences should be 
borne in mind. The most fundamental determinant for 
puberty relates to growth requirements, that is, an indi- 
vidual must achieve a certain degree of somatic develop- 
ment for reproductive maturation to proceed. Studies in 
many species demonstrate that reproductive maturation 
is delayed when growth is retarded by means of dietary 
restriction 17, 31, 49, but we have little understanding of 
what the developmental growth requirements are for any 
species, or how such growth and nutrition-related factors 
interact with the neuroendocrine axis controlling repro- 
duction 10.77. Social cause, be they stimulatory or inhib- 
itory, may also exert a major influence on the timing of 
puberty s. In this regard, the results of several early stud- 
ies raised doubts that photoperiod modulates the timing 
of puberty in female sheep. However, those investiga- 
tions were flawed because they used adult male rams to 
detect sexual behaviour, onset of oestrus being a marker 
of puberty 19.61, 73, and subsequent studies have revealed 
that introduction of rams to prepubertal sheep can, in 
itself, induce gonadotrophin secretion and puberty 59, 75. 
Thus, the effects of photoperiod on puberty in the origi- 
nal experiments in sheep may well have been obscured 
by exposure of the developing lamb to the social influ- 
ences of mature males. In addition, seasonal photoperi- 

odic cues may also influence growth and metabo- 
lism 2, 3, 25, 28, 36, thus the potential exists for indirect ef- 
fects of photoperiod on the timing of puberty by means 
of altered growth and body composition. 

Photoperiodic influence on puberty 

Puberty in many different mammalian groups inhabiting 
seasonal environments is seasonal, a strategy of sexual 
maturation which presumably evolved as a mechanism to 
ensure that subsequent offspring are born at the optimal 
time of year 27. The list of species, in addition to rodents 
(e.g., Djungarian hamster 7, 42), which have been shown 
experimentally to respond to photoperiod as the seasonal 
time cue is growing. It encompasses ruminants (e.g., 
sheep3~ 32.34), lagomorphs (e.g., European rabbit6), 
mustelids (e.g., ferret 68, 69), carnivores (e.g., blue fox v2), 
and even primates (e.g., rhesus monkey9~ This 
review is not intended to provide a bibliography of spe- 
cies in which photoperiod times puberty; rather, we will 
focus on two species which have been used experimental- 
ly as model systems to unravel mechanisms by which 
environmental photoperiod influences neuroendocrine 
function, namely the Djungarian hamster and sheep. In 
a final section, we consider if photoperiodic cues influ- 
ence the timing of puberty in children. 
The mechanism by which photoperiodic signals influence 
reproduction in the adult has been discussed in detail in 
a companion review (Bartness and Goldman, this issue) 4. 
Much of our understanding of the mechanisms underly- 
ing the control of sexual maturation comes from studies 
of seasonal breeding in adult mammals, but it is worth 
noting that the developing mammal  itself has equally 
provided a model for understanding photoperiodic 
mechanisms in the adult 11, 12, 3s. In this regard, photope- 
riodic effects on the timing of the first breeding season 
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(i.e., puberty) may be more rapid and more easily manip- 
ulated in several species (e.g., Djungarian hamster, 
sheep) than they are for subsequent annual reactivation 
of reproductive function as fully mature individuals. 

Photoperiod cues time an endogenous maturational 
process 

The terms 'long-day breeder' and 'short-day breeder' 
have been used historically to describe the photoperiodic 
conditions under which a particular species attains pu- 
berty or undergoes seasonal reactivation of reproduc- 
tion. These terms may be misleading because they suggest 
that the photoperiodic requirements for onset of repro- 
ductive activity in a given species are simply that it expe- 
riences a particular length of day. For example, the 
spring-born female sheep normally attains puberty dur- 
ing the short days of the subsequent autumn, the time at 
which the adult female sheep resumes oestrous cy- 
cles 34, 46. This observation may lead to the simple con- 
clusion that once growth requirements have been met 
during the summer, the lamb must wait until daylength 
becomes shorter to activate its reproductive system for 
the first time. However, this inference is not valid, as 
evidenced by the finding that maintaining the lamb on a 
short photoperiod from birth does not advance puberty, 
rather, puberty is delayed 95. To respond to the short-day 
photoperiod, the developing female sheep must first ex- 
perience long-day photoperiodic information. Thus, for 
species which require several months for sexual matura- 
tion to occur, a history of changing photoperiod may be 
necessary to provide seasonal information. It is evident 
from studies of the lamb that changes in the environmen- 
tal light-dark cycle may advance or delay puberty such 
that it occurs in the optimal season, but 'inhibitory' pho- 
toperiod signals cannot forestall puberty indefinitely. 
For example, although female sheep maintained on long 
days from early in life do not undergo puberty at the 
normal age of 5 - 6  months, they do so eventually, albeit 
at a much later age, typically when they are older than 
one year 2~ These observations have led to the hy- 
pothesis that photoperiod acts to entrain an endogenous 
process to the optimal season, rather than directly to 
drive or inhibit reproductive maturation 2o. 
For species which mature more rapidly, a constant pho- 
toperiod may provide adequate seasonal information, at 
least under experimental conditions. For example, con- 
stant long days serve as a stimulatory signal for puberty 
in the Djungarian hamster; testicular development is 
complete by approximately two months of age in ham- 
sters maintained on a long-day photoperiod, whereas 
testicular development is delayed in hamsters chronically 
exposed to a short photoperiod (fig. 1) 97. Those placed 
on short days at birth initially have a slow rate of testic- 
ular development, but they do eventually develop full 
testicular function at five months of age 42. The observa- 
tion that in rapidly developing species puberty will occur 
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Figure 1. Effects of photoperiod on development in male Djungarian 
hamsters. Hamsters were raised in long days of 16 h light:8 h dark (LP: 
&, paired testis weight; �9 body weight), or short days of 10 h light: 14 
h dark (SP: Ik, paired testis weight; ID, body weight). Note that long 
photoperiod stimulates both testis development and somatic growth. 
(From Yellon and Goldman 97). 
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eventually under photoperiodic conditions which are ini- 
tially inhibitory to reproductive development, albeit at a 
much delayed age, again supports the hypothesis that the 
role of photoperiod is to provide seasonal time cues to 
entrain an endogenous process. The seasonal reinitiation 
of reproductive activity in adult hamsters can also be 
shown to occur spontaneously on short photoperiods 36 
Thus, the term 'long-day breeder' is inappropriate for 
this species when used to describe the mechanism by 
which photoperiod modulates reproductive function, be- 
cause the mechanism by which seasonal onset of repro- 
ductive function occurs may have as much to do with a 
loss of response to the initially inhibitory effects of short 
days as it does to the stimulatory effects of long days. 

Changing daylength provides the seasonal time cue 

Under natural conditions, it is the direction of change in 
daylength that provides seasonal information. For exam- 
ple, whereas puberty in spring-born lambs reared on ei- 
ther constant short days or constant long days is delayed 
beyond one year of age 9s, lambs receiving a long-day 
photoperiod followed by a short-day photoperiod under- 
go puberty 6 - 8  weeks after the decrease in photoperiod 
(fig. 2, top) 32' 33, 35. Thus, a change in photoperiod is the 
critical photoperiodic cue for puberty in the sheep. Evi- 
dence that sheep respond to the direction of the change, 
rather than the absolute photoperiod, has recently been 
obtained. Adult female sheep placed on an intermediate 
photoperiod of 13L: 11 D after pretreatment with a long 
day of 16L:8D respond to the intermediate photoperiod 
as a short day, and rapid onset of reproductive activity 
occurs. Conversely, adult ewes pretreated with short days 
of 10L:14D respond to 13L: l lD  as a long day, and 
reproductive activity rapidly ceases 65. Thus, the adult 
sheep uses its photoperiodic history to determine the 
direction of change in photoperiod. The same conclusion 
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Figure 2. Puberty in female lambs in artificial photoperiod. Puberty (*) 
is defined as the onset of repetitive oestrous cycles, identified by luteal 
phase rises in serum progesterone concentrations. Top panel: control 
lambs raised on a permissive sequence of photoperiods of short days 
(8 h light: 16 h dark), then long days (16 h light: 8 h dark), then short 
days. Note that puberty occurs at 30 35 weeks of age. Second panel: 
lambs raised only on long days, but superior cervical ganglionectomized 
at 3 4 weeks of age to ablate pineal melatonin secretion. Note that 
puberty is absent in the first year of life or delayed in the absence of 
photoperiod information. Third panel: lambs raised only on long days, 
but superior cervical ganglionectomized at 22 weeks of age to ablate 
pineal melatonin secretion. Note that the experience of long days early in 
life followed by blocked photoperiod transduction also permits the nor- 
mal timing of puberty. Bottom panel: lambs raised only on long days, 
superior cervical ganglionectomized at 3 -4  weeks of age to ablate pineal 
melatonin secretion, but receiving a long-day melatonin infusion for 5 
weeks starting at 18 weeks of age. Lambs received melatonin for 8 h per 
day. Note that the normal timing of puberty is restored by providing a 
long-day signal followed by no melatonin information. (Modified from 
Foster et al.33). 

has been reached from similar studies in the adult Syrian 
and Djungarian hamster 41, r Although the requirement 
for a changing photoperiod for the normal timing of 
puberty may not be necessary in experimental situations 
in the rodent, there is recent evidence that the reproduc- 

rive response to a constant postnatal photoperiod is in- 
fluenced by the photoperiodic history of the foetus in 
utero (see Bartness and Goldman, this issue) 4. Thus, it is 
likely that under natural conditions rapidly maturing 
species do use change in photoperiod as the seasonal time 
cue, that is, they measure the length of the postnatal 
photoperiod relative to the prenatal photoperiod. 

The pineal gland and melatonin secretion 

There is much support for the view that the pineal gland 
transduces environmental photoperiod into a melatonin 
signal, which ultimately influences reproductive and so- 
matic development. The corollaries of the argument that 
changing photoperiod provides a seasonal time cue is 
that melatonin itself is not pro- or anti-gonadal per se, 
but that it is the pattern of its secretion that transduces 
daylength into a humoral signal. Therefore, whether the 
melatonin signal provides stimulatory or inhibitory in- 
formation depends on the previous history of melatonin 
secretion, and on how the species has evolved to use the 
timekeeping signal provided by melatonin. The several 
arguments against melatonin being directly antigonadal 
or progonadal will be presented throughout the remain- 
der of the review. 
The central role of the pineal gland in timing puberty has 
been demonstrated in several photoperiodic species. Re- 
moval or denervation of the pineal gland prevents the 
inhibitory effects of short days in several species which 
normally mature under increasing daylengths 11, ~3. In 
the sheep, which requires the alternate sequence of long 
and then short days for puberty, pinealectomy shortly 
after birth delays the onset of reproduction 48. Likewise, 
if pineal function is disrupted by lesion of the sympathet- 
ic innervation to the gland (superior cervical ganglionec- 
tomy) shortly after birth to ablate the nocturnal increase 
in melatonin secretion, puberty is delayed (fig. 2) 33' 96. 
interestingly, denervation of the pineal gland after the 
sheep has experienced a long-day photoperiod will allow 
puberty to occur subsequently on long days (fig. 2) 33 . 
This is presumably because disruption of pineal gland 
function after the obligatory exposure to long days 
blocks the transduction of inhibitory long-day cues 
which would delay puberty if continuously experienced 
during the later stages of development 20.95. 
There is good reason to believe that melatonin is the 
pineal hormone which mediates the photoperiodic re- 
sponse during development. Replacement of melatonin 
in a precise manner to pinealectomized or ganglionec- 
tomized animals replicates the effects of photoperiod on 
many seasonal axes, including prolaction secretion 33, 
body weight and carcass composition 2,3, pelage colour 
and thermoregulation (for review see Goldman and Dar- 
row37). The elegant studies by Carter and Goldman in 
the Djungarian hamster H'~2 clearly demonstrate that 
melatonin provides a seasonal cue, rather than simply a 
pro- or antigonadal stimulus. Mimicking the effects of 
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short-day photoperiods early in life by infusion of rela- 
tively long daily durations of melatonin ( > 8 h per day) 
to pinealectomized prepubertal males prevents testicular 
development 11. Conversely, hamsters maintained on 
short days early in life, then pinealectomized at 23 days 
of age, have a rate of testicular development intermediate 
between the rapid rate in intact hamsters transferred 
from short to long days at that age, and the virtual lack 
of development in hamsters maintained on short days 7. 
Treatment of pinealectomized hamsters in this experi- 
mental paradigm with relatively short daily durations of 
melatonin (<  6 h per day) induces rapid testicular 
growth, that is, it provides a long-day photoperiod sig- 
nal 12. This would not be expected if melatonin were 
simply an antigonadal hormone, in addition to demon- 
strating that melatonin provides a temporal time cue, by 
varying the amount of melatonin infused per day, and 
the phase of infusion relative to the environmental light- 
dark cycle, these studies also provided evidence that 
the duration of elevated melatonin secretion every 24 h 
rather than the amplitude of nocturnal secretion is the 
key parameter providing daylength information 11, 12 
Investigations of how timed infusions of melatonin influ- 
ence puberty have also been conducted in the female 
lamb in which the sequence of long days followed by 
short days is the critical photoperiod signal for sexual 
maturation. Ablation of the circadian melatonin rhythm 
shortly after birth delays puberty (fig. 2). Replacement of 
the melatonin rhythm by timed infusions providing 8 h of 
melatonin per day (a 'long-day' duration for the sheep) 
for only 5 weeks allows the normal timing of puberty 6 -8  
weeks after the melatonin infusion ceases (fig. 2) 33. Thus, 
experimentally, a long-day melatonin signal followed by 
no melatonin appears to provide a 'decreasing photoperi- 
od' signal for the developing lamb. 
A second line of evidence supporting a fundamental role 
for melatonin is that treatment of pineal-intact animals 
with melatonin alters the timing of puberty. Several stud- 
ies have been conducted in the prepubertall sheep with 
subcutaneous melatonin implants which release the hor- 
mone continuously over 24 h. Treatment of Merino fe- 
male lambs with such implants early in life delays puber- 
ty 47, whereas treatment of lambs at an older age (using 
vaginal implants) advances the age of puberty58; like- 
wise treatment of ram lambs with melatonin implants 
advances testicular development 54. Although this exper- 
imental approach may produce physiological serum con- 
centrations of melatonin, they are provided in a non- 
physiological pattern (i.e., elevated continuously), so 
only limited conclusions can be drawn about the nature 
of the photoperiodic signal that constant-release im- 
plants provide. Clearly it depends on the previous pho- 
toperiodic history of the animals, but the effects on pu- 
berty may be equally consistent with the constant signal 
being a functional pinealectomy (i.e., preventing the ani- 
mal recognizing its endogenous melatonin pattern) or 
with it providing a long duration (i.e., short-day) time 
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signal. In this regard, the pubertal delay in the female 
lamb after initiation of chronic melatonin treatment 
neonatally would be due to the failure to experience the 
requisite long-day melatonin signal early in life. Once 
long days are experienced, chronic melatonin treatments 
started later in development would then mimic short days 
(i.e., prevent incoming long-day melatonin signals), and 
such a treatment can be timed to induce precocious pu- 
berty. Aside from these concerns about interpretations of 
chronic treatments with a hormone which is normally 
secreted in a circadian pattern, sucl{ studies emphasize 
the marked effects of melatonin on sexual maturation. 

Ontogeny of photoperiodic responses 

Birth must be considered as an arbitrary point in the 
development of a particular species 29. Thus, it is not 
surprising that mature pineal function occurs perinatally 
in precocious species such as the sheep, but postnatally in 
altricial species such as the rat and Djungarian hamster. 
Accounts of the morphogenesis of the pineal gtand in a 
variety of species exist 57, 81, 83. Ontogeny of melatonin 
secretion will be briefly considered in the two species 
upon which we have concentrated, the sheep and the 
Djungarian hamster. Although, rhythms in serum mela- 
tonin concentrations have been detected in the ovine foe- 
tus from 113 days of gestation (term is 145-150 days), 
this melatonin is probably of maternal origin, because 
pinealectomy of the mother ablates serum melatonin 
rhythms in both the maternal and foetal circula- 
tion56,98- 100. Two studies, however, suggest that the 
newborn lamb can secrete melatonin by about one week 
postnatally, and that this rhythm is appropriate to the 
light-dark cycle 14, 99 Thus, pineal function is mature 
well before reproductive maturation occurs in the sheep. 
In the Djungarian hamster, until recently 16, technical 
problems have limited the study of serum melatonin 
rhythms, but studies on pineal melatonin content indi- 
cate that pineal function matures about 15 days postna- 
tally, that is late relative to the time of puberty (50 days 
of age) in this species 79. However, considerations of the 
ontogeny of endogenous pineal function may be of limit- 
ed value in understanding the development of photoperi- 
odic responses, because recent studies in several species 
indicate that the foetus can respond to photoperiodic 
signals transducea by the mother, rather than by its own 
pineal gland. 
Horton 45 originally demonstrated that the photoperiod 
to which the pregnant Montane vole is exposed influ- 
ences postnatal development of the offspring. Specifical- 
ly, male pups from mothers maintained in long days grew 
their testes more rapidly than those from mothers housed 
in short days. These effects were attributable to influ- 
ences in utero. Cross-fostering of pups born from long- 
day treated mothers to other mothers exposed to short 
days before parturition, and the reciprocal cross-foster- 
ing protocol, revealed that the developmental effects did 
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not result from behavioural or lactational signals con- 
veyed by mothers to the pups during postnatal life 44. 
Subsequent studies in the Djungarian hamster 76, and 
sheep 23 have provided further evidence that prenatal 
photoperiod influences postnatal development. Our re- 
cent studies in sheep used prolactin secretion as an index 
of photoperiodic response, because this is a photoperiod- 
ically-modulated hormone in the neonatal lamb and the 
adult; long daylengths are stimulatory and short day- 
lengths are inhibitory 21'22' 5s. Also, the effects of pho- 
toperiod on prolactin secretion are mediated by pineal 
melatonin secretion 9'z2"53. Figure 3 illustrates serum 
prolactin concentrations in female and male lambs raised 
in an intermediate (12L: 12D) photoperiod from the day 
of birth, but born to ewes maintained in either long days 
(16L:8D) or short days (SL:16D) for the last 50 days of 
gestation 23. Not only did prolactin concentrations differ 
at birth in the lambs from long-day and short-day treated 
mothers, but the subsequent response to 12L:I2D dif- 
fered markedly. Lambs from long-day treated mothers 
were born with high circulating prolactin, but concentra- 
tions declined rapidly, indicating that they interpreted 
12L: 12D as a short day. Conversely, lambs from short- 
day treated mothers were born with low serum prolactin 
concentrations, but prolactin secretion increased, indi- 
cating that they responded to 12L: 12D as a long day. 
This study demonstrates two aspects of the foetal re- 
sponse to photoperiodic cues received by the mother. 
Firstly, photoperiod can modulate neuroendocrine func- 
tions in utero, in this case resulting in differential prolac- 
tin secretion in the foetus s and at birth 23. Secondly, even 
before birth, the lamb begins to construct a photoperiod- 
ic history with which it can interpret photoperiodic sig- 
nals postnatally. Thus, the lambs from long-day exposed 
mothers respond to the 12L: 12D photoperiod as a short 
day because it is a 4-h decrease relative to the photoperi- 
odic signals received in utero. The corollary of the second 
conclusion is that the foetus is actually receiving pho- 
toperiodic time cues, rather than simply responding to 
other maternal information that was initially influenced 
by photoperiod. Studies in the Djungarian hamster 
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Figure 3. Serum prolactin concentrations in female lambs on 12 h light: 
12 h dark (12L: 12D), born to mothers maintained in 16 h light: 8 h dark 
((D, 16L:SD) or 8 h light: 16 h dark (0, 8L:16D) during late gestation. 
Note that the photoperiod experienced indirectly by the lamb in utero 
dictates the pattern of prolaction secretion on the common intermediate 
12L: 12D photoperiod. (Modified from Ebling et al.23). 

provide direct evidence that the pattern of melatonin 
secretion from the maternal pineal gland conveys pho- 
toperiodic information to the foetus during late gesta- 
tion. Pinealectomy of pregnant hamsters prevents the 
stimulatory effects of long photoperiods during late ges- 
tation on testis development and body weights in male 
offspring 87. Infusion of long-day durations of melatonin 
into pinealectomized mothers in late gestation successful- 
ly mimics the effects of long-day treatment on foetal and 
neonatal development 87'88. Studies in several species 
have revealed that placental transfer of melatonin occurs 
readily 50, 63,100. Collectively, these lines of evidence sup- 
port the view that it is the pattern of maternal melatonin 
secretion that transduces photoperiodic information to 
the foetus. 
Intriguingly, recent investigations of the Meadow vole 
suggest that seasonal information can also reach the foe- 
tus via pathways other than melatonin; photoperiodic 
information received by mothers before conception can 
influence foetal and postnatal development 51, 52. For ex- 
ample, pups born to mothers housed in a short-day pho- 
toperiod for a short period (5-11 weeks) before concep- 
t ion have a greater depth of fur after birth than those 
born to mothers kept on long days, or on short days for 
an extended period of time before conception 51, 52. It is 
not known through which maternal systems the precon- 
ception photoperiod operates to produce the subsequent 
differences in neonatal response. It is most unlikely to be 
the circadian melatonin profile, because the pattern to 
which the foetus is exposed would only reflect ambient 
photoperiod during gestation, not the previous photope- 
riodic history of the mother. 

Developmental changes in response to photoperiod 

We have considered evidence in the Djungarian hamster 
and sheep that melatonin-mediated photoperiodic cues 
influence neuroendocrine function throughout develop- 
ment, from ]ate gestation to the mature adult. The Syrian 
hamster is unusual in that there is developmental change 
in the reproductive response to photoperiod. Photoperi- 
od is a major modulator of reproduction in the adult 
Syrian hamster 37, but does not seem to influence sexual 
maturation. The initial rate of testicular development is 
similar in males raised in short days or in long days from 
birth. Mature size and function are attained at about 8 
weeks of age irrespective of ambient photoperiod; be- 
yond that age, rapid gonadal regression occurs in short- 
day housed hamsters 15, 67, 71. Furthermore, melatonin- 
implant treatments which induce gonadal regression in 
adult males maintained in long days are ineffective in 
retarding prepubertal testicular development in this spe- 
cies 80. Such findings have led to the conclusion that 
photoperiodic modulation of reproductive function be- 
gins after puberty in this species. On the other hand, 
some workers have postulated that the Syrian hamster is 
able to discriminate daylength after pineal function ma- 
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tures at about 15 days postnatally, but that the latency of 
the reproductive response to the short days (regression of 
testes) is longer than the time required for gonadal mat- 
uration in this species 64, 66. This would explain why in- 
hibitory effects of short days are not apparent until after 
puberty. Sisk and Turek 71 challenge this notion. They 
studied developmental patterns of gonadotrophin secre- 
tion in castrated hamsters bearing testosterone implants 
to provide a constant negative feedback signal. They 
failed to find effects of photoperiod on sensitivity to 
testosterone negative feedback in prepubertal males, 
even though changes in sensitivity occur rapidly (2-3 
weeks) in mature males exposed to a change in photope- 
riod. Thus, neuroendocrine events associated with puber- 
ty occur independently of photoperiod in this species, 
and the slow response of the testis to endocrine signals 
during development cannot explain the inability to re- 
spond to short days. 
The opposite situation applies to the most intensively 
studied mammal, the laboratory rat. In these highly in- 
bred animals living in artificial conditions, prepubertal 
gonadal maturation is influenced to some extent by day- 
length, whereas reproductive function in the adult is 
largely insensitive to photoperiod 62, 86. This presumably 
reflects artificial selection for prolific and rapid breed- 
ing62.86. It is interesting to note that more pronounced 
photoperiodic effects on puberty are revealed when im- 
mature rats are raised on restricted nutrition 74, suggest- 
ing that underlying photoperiodic influences are nor- 
mally being masked in artificial environmental and nutri- 
tional conditions. 

Me&tonin and human puberty 

The preceding sections summarize evidence that pho- 
toperiod influences the timing of puberty in seasonal 
mammals. Initially, the pattern of melatonin secretion 
from the maternal pineal gland provides seasonal time 
cues for the developing foetus. Subsequently, endoge- 
nous melatonin secretion develops in the prepubertal 
mammal, and the changing duration of nocturnal mela- 
tonin secretion provides the requisite seasonal informa- 
tion. In view of this rather straightforward scheme to 
coordinate sexual maturity with the optimal season for 
conception, we can now consider if the pineal gland plays 
an important role in the timing of puberty in our own 
species. Studies in infant children have demonstrated 
that a nocturnal increase in circulating melatonin devel- 
ops between birth and three months of age 1,4o. Noctur- 
nal melatonin concentrations are low during the phase of 
postnatal elevation of gonadotrophin and testosterone 
secretion, and they increase as the neonatal phase of 
testicular activity in the male decreases 4o. Considerable 
attention has focussed on the subsequent decline in am- 
plitude of nocturnal melatonin secretion during the tran- 
sition into adulthood which has been noted in several 
clinical studies 39.70, 84, 85, and in a longitudinal study of 
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the female rhesus monkey 92. Such observations, coupled 
with historical reports of precocious puberty in boys with 
pineal tumors 39, have led to the hypothesis that pineal 
melatonin has an antigonadal role in the human. This 
leads to the further inference that a reduction in noctur- 
nal secretion is one factor underlying the onset of puber- 
ty. It should be noted that not all the workers who have 
reported a nocturnal decrease in melatonin secretion 
have reached the same conclusion; moreover, some stud- 
ies have failed to detect changes in the amplitude of 
melatonin secretion at the time of puberty 24, 78, Neither 
the inverse correlation between melatonin and gonadal 
activity during normal development, nor the positive cor- 
relation between elevated melatonin and delayed puberty 
reported by Gupta 39 provide firm evidence for a causal 
link between the decreasing amplitude of nocturnal mela- 
tonin secretion and sexual maturation. This notion is 
even less compelling if one recognizes that during puber- 
ty in boys, the daily increase in circulating luteinizing 
hormone concentrations occurs concomitantly with the 
nocturnal increase in melatonin secretion 26. This line of 
reasoning can extend to animal studies which contend 
that melatonin provides a seasonal timekeeping cue, not 
an antigonadal signal. If  melatonin were simply an antig- 
onadal hormone, then puberty in sheep would not be 
expected to occur in the autumn when the daylength is 
decreasing, and thus, the total amount of nocturnal 
melatonin secretion increases. Conversely, precocious 
puberty would be predicted in a sheep in which rhythmic 
melatonin secretion is ablated (pinealectomy, superior 
cervical ganglionectomy) at birth; this does not oc- 
cur 33, 48, 96  

It might be argued that the sheep and other non-primate 
species which begin reproductive activity when the dura- 
tion of melatonin secretion expands do not provide suit- 
able models for human development, and that the entire 
issue must be investigated in a primate. Recent studies in 
sub-human primates also provide evidence to oppose the 
view that melatonin is antigonadal. It has become clear 
that puberty in the rhesus monkey, maintained in natural 
photoperiod, occurs in the autumn of the third or, more 
usually, fourth year of life 90.94. Importantly, this sea- 
sonal pattern can be advanced by giving melatonin injec- 
tions in the late afternoon to prepubertal monkeys, there- 
by extending the duration of the nightly melatonin rise 91 
(fig. 4). Thus, at least one well-studied sub-human pri- 
mate, as well as the sheep, can respond to a lengthening 
of the duration of melatonin secretion as a stimulus for 
reproductive development. Moreover, pinealectomy of 
infantile male rhesus monkeys does not prevent the onset 
of the juvenile hypogonadotrophic state 6o. In view of the 
foregoing considerations, it is unlikely that pineal prod- 
ucts are involved in maintaining prepubertal sexual im- 
maturity. It is concluded that although the melatonin 
rhythm generating system is fully competent in man, we 
have evolved such that the timing of puberty is no longer 
linked to a particular season of the year, and therefore, 
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Figure 4. Melatonin treatment advances the age and season of reproduc- 
tive maturation in female rhesus monkeys. Top: expected duration of 
elevated serum melatonin concentrations in control rhesus monkeys on 
natural photoperiod (solid area) and in monkeys receiving a single mela- 
tonin injection per day in the afternoon to increase the duration of 
elevated melatonin (shaded and solid area). Middle: timing of menarche 
(light bars) and ovulation (dark bars) in individual melatonin-treated and 
control monkeys. Bottom: group mean perineaI swelling and colouration 
scores for melatonin-treated (e) and control monkeys ((2)), n - 5 per 
group. (Modified from Wilson and Gordon 91). 

the developing reproductive axis does not need to re- 
spond to the endogenous melatonin signal. 

Future directions 

We now have some understanding of the nature of pho- 
toperiodic signals that time puberty in several species, 
and of the mechanisms by which melatonin rhythms are 
generated by the pineal gland and transduce photoperi- 
odic information; such information may be of practical 
importance in the regulation of animal populations. The 
challenge now is to understand where and how the mela- 
tonin signal acts in the brain to influence neuroendocrine 
function during development. Although some progress is 
being made to characterize receptors I8 (Morgan and 
Williams, this issue) and identify anatomically the sites of 
action of melatonin 82, 89, perhaps the greatest challenge 
is to understand at the cellular and molecular level how 
the duration of melatonin is interpreted in relation to the 
previous pattern of melatonin secretion to provide sea- 
sonal information. The findings in the Djungarian ham- 
ster by Weaver and Reppert 87 that just two days of 
melatonin information reaching the foetus can dictate 

subsequent reproductive responses to photoperiod sug- 
gest that reproductive maturation in mammals may 
provide a rapid and sensitive model for future studies of 
the mechanism of action of this important pineal prod- 
uct. 
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